T ransition-metal compounds are actively integrated into schemes for solar energy conversion, photocatalysis, and photovoltaics. In these applications, the population optically delivered to the FranckÀCondon region of the initial excited electronic state often travels over several potential energy surfaces (PESs) before arriving to a product state with useful functions. Radiationless relaxation between multidimensional PESs of polyatomic molecules takes place through avoided crossings 1 or, more typically, through real crossings -conical intersections (CIs). 2À4 The forces driving the radiationless relaxation are attracting considerable interest, and ultrafast laser experiments made it possible to monitor the wavepacket motion in real time. 5À8 The role of CIs in photochemical reactions continues to be tested more stringently in experiments.
9À14
Coherent vibrational motion in products of photodissociation reactions has been previously observed. 5, 9, 10, 12 Impulsive excitation of a reactant such that the pulse bandwidth is sufficiently broad to excite several vibrational states, creates a wavepacketcoherent superposition of energy eigenstates on the excited PES. The relevant modes and "spectator" modes orthogonal to the reaction coordinate may become impulsively excited and transfer their coherence to the product modes. 15 A vibrational wavepacket in the product state may also be formed via bond breaking when an impulsive force is imparted to the nuclear coordinates coupled to the dissociation reaction coordinate. Vibrational coherences have also been associated with the passage of a molecule through a CI 9,11À13 and attributed to a sudden change of the force field at the intersection, analogous to impulsive bond breaking. 10À12 The JahnÀTeller (JT) theorem states that a nonlinear molecule in a degenerate electronic state is distorted by suitable nontotally symmetric vibrations with the concomitant stabilization of energy. 4 A degenerate electronic E state at C 4v or D 3h geometries represents JT C 4v CI or JT D 3h CI and has its degeneracy split by vibrations of b 1 and b 2 symmetry or e symmetry, respectively. 3, 4 The gradient difference and derivative coupling vectors are linear combinations of the splitting normal modes; these vectors define the CI "branching plane" and form a "moat" of the JT CI on the lower adiabatic surface. JT relaxation has been a subject of time-resolved studies, notably, in the CO ligand loss from gas-phase Cr(CO) 6 , where the propagation of the 1 E state Cr(CO) 5 wavepacket through a JT D 3h CI excites a coherent bending motion detected in 1 S 0 Cr(CO) 5 .
9,10,12
We report on photoproduct coherence in water and methanol solutions of transition metal complexes with the structural formula MBr 6 2À (M = Pt, Os ABSTRACT: The photochemical reaction paths in aqueous PtBr 6 2À and OsBr 6 2À have been studied by femtosecond broad-band pumpÀprobe spectroscopy supported by CASPT2 and DFT/TDDFT calculations. These paths lead to the separation of negative charges and propagate through distortions of nascent, penta-coordinated metal fragments caused by JahnÀTeller C 4v and D 3h conical intersections (CIs), respectively. Within 150 fs following 420 nm excitation of PtBr 6 2À , the molecule undergoes internal conversion and intersystem crossing into the dissociative lowest triplet excited 3 T 1g state, loses a ligand, and relaxes via the C 4v CI to the nearly trigonal bipyramid 3 PtBr 5 À product in the triplet state. Direct 530 nm excitation of PtBr 6 2À to 3 T 1g yields the same product. Oscillations observed in the bending and umbrella a 1 modes of 3 PtBr 5 À arise from impulsive excitation of, respectively, one of the reaction coordinate modes, which is parallel to the gradient difference vector of the C 4v CI, and the "spectator" mode that preserves the electronic degeneracy. 18, 19 In our transient absorption setup, 20 two TOPAS-C optical parametric amplifiers generated 420 or 530 nm pump pulses with the energy of 2 μJ (spot size, 300 μm) and probe pulses tunable between 270 and 400 nm. A white-light continuum probe was used from 340 to 770 nm. The pumpÀprobe cross-correlation (CCF) was 150 fs (fwhm). The pump and probe beam polarizations were set at the magic angle (54.7°) for transient absorption spectra or the parallel ( ) ) and perpendicular (^) angles for 420 nm pump/730 nm probe anisotropy. All data were corrected for the chirp of the probe beam. 20 The results following 420 nm excitation of aqueous PtBr 6 2À , which is predominantly to the 413 nm 1 T 2g LF/CT state, are summarized below. FFT band that appears as a shoulder of the strong 113 ( 3 cm
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FFT band, and in comparison, shows some anharmonicity changing from 78 to 84 cm À1 with increasing probe energy. These oscillations have solvent-independent frequencies and are weak near the center but strong at the blue and red wings of the 500 nm photoproduct band. The ΔA( ) ) and ΔA(^) signals show the same beat amplitude.
(iii) A time constant of τ 1 = 150 ( 30 fs for the photoproduct formation is obtained by multiexponential deconvolution of the ΔA kinetic traces measured in the 500 nm region, where the oscillations are not pronounced. Narrowing and blue shifting of , and consequently, this method was used for product frequency calculations. The Journal of Physical Chemistry Letters LETTER the product 500 nm band (τ 2 ≈ 600 fs) is followed by its decay and rise of the broad 430 nm band (τ 3 ≈ 1.6 ps). This band undergoes biphasic decay with τ 4 ≈ 7 ps and τ 5 ≈ 15 ps accompanied by partial recovery of ground-state bleach.
(iv) The ΔA spectra (Figure 2 , inset) and product coherences upon 530 nm excitation directly to the 3 T 1g state are identical to those upon 420 nm excitation to the 1 T 2g state. (v) The amplitudes (A), frequencies (v), phase shifts (φ, Àφ/ 2πv is equal to a temporal onset), and decay time constants (τ c ) of the oscillatory components are obtained by subtracting the multiexponential fits from the measured ΔA kinetics and fitting the residue R(t) to a sum of two damped cosine functions
The derived frequencies agree with those obtained by FFT. In the photoproduct, the v 1 ≈ 113 cm À1 has τ c1 = 235 ( 50 fs and an almost zero temporal onset of À7 ( 8 fs, whereas the v 2 ≈ 74 cm À1 is characterized by a noticeable onset of 30 ( 35 fs and is short-lived, τ c2 = ∼75 fs. The inclusion of the 74 cm À1 component in the fit is necessary as it cancels out the first kick of the 113 cm À1 oscillation to make the subsequent kick more pronounced, for example, the trough in the inset of Figure 3F . The 113 cm À1 oscillation, as well as the oscillation at ∼74 cm
, exhibits a π-phase shift in the blue and red wings of the 500 nm photoproduct band.
Oscillations due to RISRS show τ c3 = 1.4 ( 0.4 ps and a temporal onset of À33 ( 18 fs, corresponding to the phase near 3π/2.
Following 420 nm excitation of aqueous OsBr 6 2À , we observed (a) modulations with a solvent-independent frequency v 1 = 208 ( 2 cm À1 , a ∼30 fs time lag, persisting to long times, τ c1 = 1.33 ( 0.12 ps. They are weak near the center but pronounced in the wings of two 540 and 675 nm product bands. The π-phase jump is clearly observed within the 675 nm band. The oscillations show small anisotropy (r e 0.04). (b) RISRS oscillations from 340 to 475 nm within ground-state absorption of OsBr 6 2À , with the isolated 108 cm À1 frequency (τ c2 = 250 fs) and two overlapping 156 and 178 cm À1 bands matching those in the Raman spectrum (computed 152 and 183 cm À1 modes are weak in the experimental spectrum). In the fit of the data to eq 1, the latter RISRS bands are not resolvable and are described as a single component with τ c3 = 319 fs, the value of which is determined along with τ c2 at 430 and 530 nm, where the amplitude of the v 1 component is 0.
RISRS oscillations occur due to excitation of fundamental vibrational modes of the ground-state parent dianion whose frequencies fall within the laser spectral bandwidth. This phenomenon is well understood. The RISRS damping times agree with those derived from Raman bandwidths in Figure 1 , and the spectral dependence of the RISRS amplitude is as reported.
21,22
Following 420 nm excitation of aqueous PtBr 6 2À , the delayed rise of the transient absorption (τ 1 = 150 fs) rules out its interpretation as absorption from the initially excited 1 T 2g state because its rise should be instrument-limited. Moreover, the early time transient absorption is similar to that observed following 530 nm excitation directly into the lowest excited 3 T 1g state, which also rules out absorption from higher-lying 3 T 1g based on a small energy gap and dissociate.
Next, let us discuss mechanisms that may give rise to the beats in product absorption. The ratio of the modulated to unmodulated 
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ΔA signals is ∼55% for PtBr 6 2À . Electronic coherence is known to manifest itself as beats of large amplitude. The beat amplitude changes with a wavelength similar to the product band. 25, 26 This is also observed in a stepwise population transfer from a precursor state to a product state through avoided crossing. 7 The energy gap between close-lying electronic states, and therefore, the wavepacket oscillation frequency, is sensitive to solvent polarity. 25 Also, electronic beats show large anisotropy of transition moment directions of the coupled electronic states. 27 2À has a projection on the a 1 113 cm À1 mode in 3 PtBr 5 À because its nuclear displacements can be viewed as the closure of four equatorial ligands on the coordination site vacated by the ligand. We note that although the t 1u doming vibration of PtBr 6 2À (117 cm À1 , B3LYP), which descends to a 1 symmetry in C 2v , has a large projection on the umbrella-like a 1 mode (113 cm À1 ) of 3 PtBr 5 À , it is not observed in the resonance Raman measurements on the six-coordinate reactant species. For 3 OsBr 5 À , the a 1 mode (217 cm À1 , B3LYP) involves shortening of the axial OsÀBr bond as well as stretching of four equatorial OsÀBr bonds, which are slightly bent toward the vacated coordination site and may be viewed similarly. Motion along the vacancy closure was predicted to begin already on a minor extension of the metalÀligand bond 19, 30 and is consistent with the observation of the a 1 modes almost immediately (e.g., À7 ( 8 fs in 3 PtBr 5 À ) after reaching the FranckÀCondon state. The wavepacket in 3 OsBr 5 À is more delocalized than that of PtBr 6 2À because of the larger energy level spacing, and as a result, 3 OsBr 5 À exhibits weaker modulations in the transient absorption.
The vibrationally coherent 78 cm À1 mode in 3 PtBr 5 À exhibits a noticeable ∼30 fs time lag. This suggests that the corresponding a 1 bending motion only begins later than the a 1 umbrella motion. Although the a 1 bending motion is similar to the t 2u pucker vibration in the parent PtBr 6 2À complex, the latter mode has zero projection to FranckÀCondon active coordinates. In addition, the time lag is an appreciable fraction of the bending oscillatory period (427 fs), suggesting that the wave packet emerges on the product state potential surface very fast (∼30 fs) but not instantaneously. Therefore, time for relaxation of a wavepacket out of the dissociation exit channel 29 18, 19 When the compact wavepacket passes through the CI, it is accelerated on the steep potential slopes of the CI region, and the b 1 and b 2 splitting modes become excited. A mapping of the ground-state PES of 3 
PtBr 5
À along the b 1 pucker and b 2 scissor motions conforms to the topology characteristic of the JT C 4v CI, displaying two equivalent minima separated by the ridge with two equivalent saddle points along the moat, Figure 4 . The only other available b 1 /b 2 combination of out-of-phase stretch and scissor does not yield this topology. Therefore, the b 1 pucker and b 2 scissor in C 4v , which descend to the a 1 bending and a 2 twisting in C 2v , dominate the gradient difference and derivative coupling vectors, respectively. As the excited-state wavepacket is directed toward the CI by b 2 scissor, which is a C 4v component of the Raman-active T 2g motion in PtBr 6 2À , one expects that following the passage through The Journal of Physical Chemistry Letters LETTER the CI, the wavepacket continues to propagate along the b 2 ridge separating two quasi-D 3h ground-state minima before plummeting in one of them. It is known that the deposition of large excess energy into a vibrational mode along the reaction path suppresses the coherence in this mode due to anharmonicity.
21, 29 The detection of the 78 cm À1 oscillations, albeit exhibiting some anharmonicity and being quickly suppressed, probably suggests that the a 1 bending component of the reaction path stores a small part of the energy, with a major part of excess energy released along a 2 twisting.
The mechanistic photochemistry of OsBr 6 2À is similar to that of Cr(CO) 6 3 OsBr 5 À along the available e coordinates showed that the e 0 modes, corresponding to the symmetric a 1 and antisymmetric b 2 bending in C 2v , dominate the gradient difference and derivative coupling vectors. This is the picture similar to Cr(CO) 5 . 19 The calculated PES is also similar to the 1 S 0 PES of Cr(CO) 5 , exhibiting a three-fold symmetry due to nonzero quadratic coupling with the moat that encircles the D 3h CI and displays equivalent C 4v minima separated by C 2v transition states, Figure 4 . In Cr(CO) 5 , the wavepacket first undergoes a partial oscillation along the a 1 bending and then descends along the b 2 bending to one of two C 4v product minima, where coherent motion is detected. In 3 OsBr 5 À , coherences in either the a 1 or b 2 bending modes are not observed. A tentative explanation is that the JT-active bending vibrations of 3 OsBr 5 À are of low-frequency (sub-50 cm À1 ) and expected to damp out very quickly.
21
In conclusion, the wavepacket motion following excitation of PtBr 6 2À and OsBr 6 2À in water and methanol solutions was monitored using ultrafast pumpÀprobe spectroscopy. Vibrational coherences are observed in the reaction coordinate mode that leads through several CIs as well as in the spectator modes that preserve the electronic degeneracy. Namely, the triplet groundstate products formed in less than 150 fs show coherent oscillations impulsively induced during the ligand dissociation process with the subpicosecond damping times and frequencies corresponding to spectator a 1 modes excited near the surface bottom, 113 cm . This observation contributes to a growing body of evidence 31 that vibrational coherence can persist in transition-metal complexes with significant excess energy in aqueous solutions. Much more interestingly, the 3 
PtBr 5
À photoproduct displays the coherent 78 cm À1 a 1 bending mode, which is parallel to the gradient difference b 1 vector of the JT C 4v CI present in the photochemical reaction pathway. We interpret this coherence as being induced by acceleration of a compact wavepacket on the steep potential energy slopes in the vicinity of the CI. The situation for 3 PtBr 5 À is thus unlike that for tetrakis-(dimethylamino)ethylene, where coherence is detected in the umbrella mode coupled with the CI degeneracy lifting modes.
11
The rapid loss of coherence in the normal mode parallel to the gradient difference vector is observed after the passage of the wavepacket through the CI region. 
